ABSTRACT In this paper, an efficient technique in fault detection and localization of leaky coaxial cable (LCX) is presented. The approach utilizes a high-resolution reflectometry technique, which injects a reference signal into an LCX and handles the reflected signal to locate the fault. The reference signal adopts a linear frequency modulation signal by an approximately rectangular magnitude spectrum, which can ensure that the detection distance is large enough. And the pulse compression technique is used to improve the resolution of the reflected signal. Therefore, the approach can solve the contradiction between the detection distance and the high-resolution. The proposed method is verified by detecting various types of faults at different distances in MSLYFYVZ-50-9 LCX.
I. INTRODUCTION
In recent years, the most rapidly developing and widely used in the field of information and communication is wireless communication technology [1] - [5] . At present, the frequency band of LCX covers 450 MHz ∼ 2.4 GHz, which is suitable for various existing wireless communication systems. And it is widely used in many fields such as coal mine, subway, vehicular technology, et al [6] - [8] . Its structure is similar to that of the common coaxial cable. As LCX aging, it is subjected to several stresses (e.g. electrical, chemical and mechanical) that lead to cracks, abrasions, breaks, loose connection, and other damages. This has a serious impact on the normal work and production. Thus, the detection and localization of faults on an LCX have become a critical issue.
At present, there is seldom approach to detect and locate a fault on an LCX. But we can learn from the methods in fault detection and localization of other cables. Partial discharge (PD) is mentioned to detect and locate faults in extruded power cables [9] , [10] . However, this method has limitations in the practical application, which is easily influenced by noise. Until now, reflectometry is a widely used method in fault detection and localization of cables [11] . The basic principle of reflectometry is to inject a reference signal into the cable, and the reflected signal will be generated when the reference signal encounters the impedance discontinuity. The fault of the cable can be located according to the difference between the reference signal and the reflected signal.
The fault detection of the cable based on reflectometry is categorized into time domain analysis and frequency domain analysis, which correspond to time-domain reflectometry (TDR) [12] and frequency-domain reflectometry (FDR). Reference [13] proposes to detect faults in wiring networks from TDR response. Reference [14] adopts a lowcost FDR to test the integrity of aircraft cables nondestructively on board. And Reference [15] applies phase detection FDR to locate faults in an F-18 flight control harness. However, the accuracy and resolution of the above methods are limited by the frequency sweep bandwidth and rise/fall time, respectively. In addition, sequence time domain reflectometry (STDR), and spread sequence time domain reflectometry (SSTDR) are examined as potential solutions to the difficult problem of locating intermittent faults on aircraft wires with typical signals in flight [16] . A fault detection and localization of coaxial cable based on time-frequency domain reflectometry (TFDR) is proposed in [17] . However, above-mentioned methods suffer from a contradiction between the detection distance and high-resolution. So the frequency division multiplexed (FDR) signal is presented to detect faults based on TFDR [18] . Although this approach can optimize the relationship between the detection distance and high-resolution, it is difficult to acquire parameters in fault detection.
The novelty of this paper is to introduce a reflectometry in fault detection and localization of LCX based on pulse compression technique. It is based on the same principle as radar. To detect further distance, the reference signal is an LFM signal which has an approximately rectangular magnitude spectrum. To improve the resolution for fault detection, the pulse compression technique is applied to handle the reflected signals. The injection into the LCX of LFM signal for fault localization based on pulse compression technique represents a new application.
The structure of this paper is as the following. In Section II, the fundamental idea of LFM pulse compression is discussed. In Section III, several experiments are carried out and compared with the ability of TDR and LFM pulse compression when different types of faults occur at different distances in the LCX. In Section IV, the result and analysis are presented. The conclusions of these experimental results are obtained in Section V.
II. LFM PULSE COMPRESSION
In the fault detection of the LCX, if the LCX is normal, the reference signal will be absorbed by the load and no reflected signal will be generated according to the transmission line theory. If the LCX has an open-type fault, a reflected signal with the same amplitude and polarity as the reference signal will be generated. If the LCX has a short-type fault, a reflected signal with the same amplitude and the opposite polarity of the reference signal will be generated.
A. DESIGN OF REFERENCE SIGNAL
When fault detection and localization are carried out, the detection distance of the reference signal rests with its width. The resolution relies on the width of the reflected signal. Since wider pulse allows longer detection distance but suffers lower resolution, we must consider a balance between the detection distance and the high-resolution. In view of this, this paper proposes an LFM pulse compression technique for the fault detection of the LCX, which can ensure enough detection distance and improve the resolution [19] .
The reference signal is represented as,
where A, B, f 0 , τ determine the amplitude, frequency bandwidth, center frequency, and time duration, respectively. rect(t/τ ) is rectangular function, whose expression is,
To apply the LFM signal to the fault detection of the LCX, the attenuation characteristics of the LCX and the perfor- mance of the experimental instruments should be considered when selecting parameters. The steps of parameters selection are as follows [17] :
(1) The center frequency is determined according to the attenuation degree of the LFM signal through the LCX. Because the higher the frequency is, the higher the resolution power. And the attenuation degree of the signal will increase. In this experiment, the maximum fault distance setting is 130 m. The maximum signal attenuation that we can tolerate is 16.5 dB/100 m. Frequency-dependent attenuation characteristic of the LCX in dB per 100 m is shown in Fig. 1 . As can be seen from Fig. 1 , the horizontal line of 16.5 dB/100 m is about 150 MHz at the intersection of the attenuation curve, so we select 150 MHz as the center frequency of the LFM signal.
(2) The frequency bandwidth of the LFM signal depends on the performance of the signal generator and the circulator. We select 40 MHz as the frequency bandwidth of the LFM signal. So the frequency range of interest is selected as 130 MHz ∼ 170 MHz. The initial frequency of the LFM signal is 130 MHz, and the cut-off frequency is 170MHz. (3) According to the performance of the signal generator and the selection of the parameters above, we select 10 µs as the time duration of the LFM signal. In summary, in this paper, the parameters of the LFM signal are as follows: 
where c(v), s(v), v 1 , v 2 and µ can be evaluated as the following,
where c(v) and s(v) are the final integrals and their values can be found on the specialized function table. f is the modulation frequency deviation and its value is equal to B. w 0 is center angle frequency, µ is modulation slope. x in (4) and (5) is given by,
According to (3), the amplitude spectrum and phase spectrum of the reference signal can be evaluated as the following,
When the time bandwidth product is much larger than 1 (namely τ B 1), the (10) and (11) can be expressed as the following,
The sampling rate is 2 times of the frequency bandwidth. According to (1) , (12) and (13), the real part, magnitude spectrum and phase spectrum of the LFM signal are shown in Fig. 2 .
From Fig. 2 , we see that the LFM signal has an approximately rectangular magnitude spectrum, in the range of B, which is relatively flat. And the signal energy is mainly concentrated in this range. Therefore, it can ensure the reference signal has a large enough traveling distance in the LCX. Meanwhile, the LFM signal has a square-law phase spectrum, which is the main consideration in designing the matched filter.
B. DESIGN OF MATCHED FILTER
The matched filter is designed to achieve the purpose of pulse compression and improve the Signal-Noise Ratio (S/N) by processing the LFM signal and the reflected signal. When the S/N gets the maximum value, the frequency characteristic of the matched filter should satisfy the following relations,
where t d0 is the additional delay for the physical implementation of the matched filter. According to (12) and (13), the amplitude spectrum and phase spectrum of the matched filter can be expressed as follows,
In order to facilitate the analysis, G is the normalized coefficient. And G in (14) and (15) are given by,
According to (15) , (16) and (17), the frequency characteristic of the matched filter can be expressed as,
Thus, the matched filter has an approximately rectangular magnitude spectrum. And the matched filter has a square-law phase spectrum, which is the same as the LFM signal but opposite to the sign. The frequency characteristic of the LFM signal after matched filter can be given as,
According to (3) and (18), the inverse Fourier transform of the (19) is obtained as,
Substituting ω = 2π B, µ = 2πB/τ , ω 0 = 2π f 0 in (20), then obtaining the real part as,
where D is the pulse compression ratio, which is equal to the time bandwidth product of the LFM signal. According to (21), it can be seen that the output signal has the form of sinc function. Usually the width at 4 dB under the vertex is defined as the out pulse width, which is approximately the reciprocal of the bandwidth of the LFM signal (namely τ 0 = 1/B). Also, the out pulse width is D times smaller than the input pulse width, that is, the amplitude of the output pulse is √ D times larger than the amplitude of the input pulse. In addition, the carrier frequency of the output signal is single frequency f 0 .
The sampling rate is 10 times of the frequency bandwidth. Simulation and theoretical results of the LFM signal after the matched filter are shown in Fig. 3 based on the selected parameters. In Fig. 3 , we see that first zero occurs at ±1 (namely ±1/B), when the relative amplitude is -13.4 dB. The width of the LFM signal after the matched filter is 1/B, when the relative amplitude is −4 dB. Through the theoretical analysis of the LFM signal, we can know that the pulse compression ratio is equal to the time-bandwidth product of the LFM signal. It shows that the LFM signal has excellent pulse compression performance, and it can solve the contradiction between the detection distance and the high-resolution.
III. EXPERIMENTAL SETUP
To verify the feasibility of the LFM pulse compression in fault detection and localization of LCX, an experimental platform is designed as Fig. 4 .
In Fig. 4 , we see that the experimental system consists of a signal generator (R&S, SMW200A), a digital oscilloscope (R&S, RTO2044), a spectrum analyzer (R&S, FSW), a computer, and an LCX (MSLYFYVZ-50-9). The signal generator produces the LFM signal, which is transmitted to the LCX through the circulator. The LFM signal is emitted and back to the circulator when encountering impedance discontinuity. The circulator redirects the reflected signal to the digital oscilloscope. The computer carries on the data processing to the reflected signal and executes the pulse compression algorithm. It is necessary to point out that the spectrum analyzer in Fig. 4 only plays the role of the spectrum analysis of the signal generated by the signal generator, and does not affect the experimental results.
Next, the performance is to be compared with TDR. A total of 10 experiments are carried out for different distances and types of faults. The actual fault distances are 10, 20, 30, 120, and 130 m, while the types of faults are classified as ''open'' and ''short''. Then, other 10 experiments are repeated by using a commercial TDR method for comparison purposes.
IV. RESULT AND ANALYSIS
In the previous section, we have done several fault detection and localization experiments to verify the feasibility and evaluate the performance of the LFM pulse compression. Meanwhile, we used the same velocity of propagation, ν = 2.1 × 10 8 m/sec., when calculating the fault distance [17] .
A. EXPERIMENTAL RESULT
We take the LCX which has an open-type fault located at 30 meters away from the starting point as the first example. Fig. 5 presents the acquired time series of the reflected signal at a 200 MHz sampling rate. In Fig. 5(a) , the reflected signal is accompanied by a noise signal and it is difficult to read. In Fig. 5(b) , the reflected signal after pulse compression has a high peak value and S/N. And we can see the location of the fault, and its estimated distance is 29.82 m. The second example shown in Fig. 6 illustrates a case for the LCX which has an open-type fault located at 130 meters away from the starting point. In Fig. 6(a) , the reflected signal is accompanied by a noise signal. Compared with Fig. 5(a) , it is also difficult to read. In Fig. 6(b) , however, we can clearly see the location of the fault, and its estimated distance is 128.78 m.
In order to compare it with the previous methods, an experiment based on the TDR using the same LCX with an open-type fault located at 30 meters away from the starting point is carried out. Fig. 7 presents the reflected signal based on TDR at a 12 GHz sampling rate. As shown in Fig. 7 , the estimated time points of the step changes of the reflected signal are 20 ns and 300.38 ns. Therefore, we can acquire that the estimated distance of the location of the fault is 29.44 m.
B. ANALYSIS AND DISCUSSION OF RESULTS
In order to compare the performances of LFM pulse compression and TDR, fault distances range from 10, 20, 30, 120, to 130 m and two types of faults are tested in To observe the experimental results more intuitively, the locating error comparison of LFM pulse compression and TDR is shown in Fig. 8 .
In Fig. 8 , we can see more intuitively that LFM pulse compression has a smaller locating error than TDR in all cases. As the fault distance increases, the locating errors of the two methods are getting larger. But LFM pulse compression shows a better performance. It optimizes the trade-off relationship between the detection distance and the highresolution. The experimental results suggest that LFM pulse compression has a much better performance than TDR in fault detection and localization of the LCX.
V. CONCLUSION
This paper described an efficient reflectometry method in fault detection and localization of LCX. This approach uses the LFM signal as the reference signal and carries on the pulse compression to the reflected signal from the fault. The experimental work involving five fault lengths and two types of faults indicates that LFM pulse compression makes a better performance than TDR in fault detection and localization with long distance and high-resolution. The contributions of the pulse compression technique are as the following:
(1) Accurate and sensitive detection and distinction of the reflected signal.
(2) Successful detection and localization of fault on the LCX, even in further distance.
(3) Solving the contradiction between the detection distance and the high-resolution on the basis of ensuring the accuracy of fault detection.
Clearly, there is a lot of work to do in the future, including consideration of more complex noise; a detailed comparison with other reflectometry methods; and the identification of the advantages and disadvantages of pulse compression technique.
